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I. THE ELEMENTARY GOLDSTONE HIGGS BOSON 


The discovery of the Higgs boson [1,2] is one of the triumphs of the Standard Model (SM) 


of particle interactions [3]. Of course, several puzzles remain unexplained such as the nature 
of Dark Matter, neutrino masses and mixing as well as the cosmological matter-antimatter 
asymmetry of the Universe. Solutions to these puzzles can be envisioned, that can address 
one or several of these problems simultaneously 

The SM Higgs sector, by construction, identifies the electroweak (EW) scale, Vew - 
246 GeV, with the vacuum expectation value (vev) of the Higgs field. This scale is linked to 
the only dimensional parameter of the theory, that is the Higgs mass term operator. Indeed, 
the relevant predictions of the SM gauge sector are 



( 1 ) 


where mw, mz and nih are the physical masses of the W, Z and Higgs boson, respectively, dw 


is the weak mixing angle and A is the SM Higgs self-coupling. Any other mass scale is then 


generated from z^ew up to dimensionless couplings that have to fit experiments. 

In this paper we explore and further establish a different paradigm, that is the one that 
allows to disentangle the vacuum expectation of the elementary Higgs sector from the EW 
scale [4]. In this setup the Higgs sector symmetry is larger than the minimally required 


symmetry needed to break (spontaneously) the EW gauge symmetry. And the physical 


Higgs can emerge as a pseudo Nambu Goldstone Boson (pNGB). Once the SM gauge and 
fermion sectors are embedded in the larger symmetry one discovers that calculable radiative 
corrections induce the proper breaking of the EW symmetry and naturally aligns the vacuum 
in the pNGB Higgs direction. In this way the EW scale is only radiatively induced and, as we 


shall show, it is order of magnitudes smaller than the scale of the Higgs sector in isolation. 


This setup is profoundly different from the composite Goldstone Higgs scenario according 
to which the Higgs sector is composed of a new strongly interacting theory, and therefore it 


is not automatically UV complete k In contrast, the present realisation is, by construction. 


UV complete and under perturbative control. 

Other attempts at constructing models where the Higgs boson is a pNGB have appeared in 
the literature. Examples are the little-Higgs models (see, e.g., [5] for a review), that feature the 
Higgs as a pNGB of a spontaneously broken approximate global symmetry. The collective 
breaking ensures that no quadratically divergent contributions to the Higgs potential arise 
at one loop. This mechanism can stabilise the model up to A < 10 TeV. Little Higgs models 
are, however, typically effective field theories valid up to a cutoff scale A ~ 47i/. 

In this work we use as template an Higgs sector leading to the SU(4) —> Sp(4) pattern 
of chiral symmetry breaking [4] that was introduced for composite dynamics in [6-8]. Via 
an in depth analytical and numerical analysis we shall demonstrate that a pNGB nature of 
the Higgs is naturally embodied within the elementary realisation. Via this UV complete 


^ By UV completion we mean that the model not only constitutes the fundamental theory making the Higgs 
sector but can also accommodate the SM fermion masses in a simple marmer. If is well known fhaf giving 
masses fo fhe SM fermions is fypically much more involved in fhe composife pNGB consfrucfion. 
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model we shall show that renormalizability alongside perturbation theory allows to precisely 
determine the quantum corrections of the theory By investigating the available parameter 
space of the extended Higgs sector we discover that the preferred electroweak alignment 
angle is centred around 6 - 0.02, corresponding to the Higgs chiral symmetry breaking scale 
of / - 14 TeV. This value is almosf 60 fimes higher than the SM electroweak scale. Due, 
however, to the perturbative nature of the theory the new spectrum of the enlarged Higgs 
sector is in the few TeV energy range. If is importanf fo nofe fhaf it is the intrinsic structure of 
the quantum corrections the culprit for fhis inferesfing resulf. This is very different from the 
composite case. The reason being that for the composite case the final vacuum alignment is 
dictated by cut-off contributions that, de facto, do not align the vacuum in the pNGB direction 
and therefore further require the introduction of new operafors rendering the pNGB nature 
fine-tuned [9]. Furthermore in the composite case the new resonances are of the order of 47i/ 
and fherefore fypically much harder fo discover af presenf and fufure colliders. 

The sfrucfure of fhe paper is the following. We review the tree-level spectrum and 
vacuum properties in Section II, and the EW symmetry and associated radiative corrections 
in Section III. The quantum corrected spectrum and relevant couplings are discussed in 
Section IV together with their phenomenology. We go beyond the initial investigation of the 
phenomenological consequences of the model presented in [4] and perform a more detailed 
study of the parameter space of the theory by scaiming over the four independent parameters 
of the model. We use as constraints the masses of fhe electroweak gauge bosons, the mass of 
the Higgs and the requirement that we have a local minimum in the potential. In the original 
work [4], for simplicify, all the masses of the massive scalars were taken to be identical. This 
constraint has been lifted here allowing for several, even charged, scalars fo be sufficienfly 
light to be within the LHC run 2 reach. 

We also provide a thorough study of the electroweak precision measurements to further 
gain insight on the viable parameter space of the theory. This study allows for an indirecf 
way fo invesfigafe deviations from the SM emerging from fhis fheory bofh af the second 
three-year LHC run and by the next collider generation —ILC (Ecm < lTeV)[10], CLIC (Ecm 
< 3 TeV) [11] or a large circular e'^e~ collider with Ecm ^ 350 GeV [12] and/or a pp collider 
with Ecm ^ 100 TeV. The program of the envisioned future colliders, in fact, aims at a more 
precise determination of the Higgs couplings for which our model is the ideal Guinea pig. 


II. THE MINIMAL MODEL: SL1(4) ^ Sp(4) 

As a general framework, we identify fhe Elemenfary Goldsfone Higgs (EGH) as one of fhe 
Goldsfone bosons which live in the coset of the spontaneously broken global symmetry of 
the scalar sector. The latter is an enlarged symmetry group that contains the SLfL(2) x SUr{2) 
(global) chiral symmetry of the SM Higgs sector. The possible patterns of chiral symmefry 
breaking, then, must lead to the SLfy(2) custodial symmetry of the tree-level Higgs potential. 
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which guarantees (at leading order) the second relation in (1) or, equivalently, the constraint 

( 2 ) 


m 


P 


w 


cos^dw 


1 . 


Typically, in this class of custodially symmetric models, the Higgs boson does acquire a mass 
and becomes a pNGB due to the embedding of the Yukawa and EW gauge interactions, which 
explicitly break the global symmetry of the scalar sector. In this framework, the radiative 
corrections responsible for the Higgs mass can be precisely computed within perturbation 
theory, as we will see below. 

A complete classification of the patterns of chiral symmefry breaking leading fo a Gold- 
stone Higgs boson can be found, e.g., in [9] where unified scenarios of composife (Goldstone) 
Higgs dynamics were sfudied. The minimal viable framework is in this case 


SO(6)~SH(4) ^ Sp(4)~SO(5) 


(3) 


where the breaking of the chiral symmetry is triggered by the vacuum expectation value 
of the antisymmetric 6-dimensional (pseudo-real) representation of SO(6) ~ SLf(4), with 5 
Goldstone bosons in the coset. The latter can be decomposed into a (2, 2) -i- (1, 1) representa¬ 
tion of the SO(4) subgroup of SO(5). Other (non-mtnimal) chiral symmetry breaking patterns 
that allow to embed a SM Higgs doublet are [9]: i) SU{5) —> SO(5) with 14 Goldstone bosons, 
decomposed into the (3, 3) -i- (2, 2) -i- (1, 1) representations of SO(4); ii) SU{6) —> Sp(6), which 
contains 2 Higgs doublets and 6 singlets. 

In this work we focus on the EGH scenario with the simplest pattern of chiral symmefry 
breaking given in eq. (3), where the EGH arises as one of the 5 Goldstone bosons belonging 
to the coset SLf(4)/Sp(4). In this case, the most general vacuum of the theory. Eg, can be 
expressed as the linear combination [4] 

Ee = cos 6 Eb + sin 6 Eh =-Eq , (4) 


where 0 < 6 < ti/2 and the two independent vacua Eb and Eh are defined as 


Eb = 





(5) 


In the context of Gomposite (Goldstone) Higgs scenarios, Eb (Eh) is the vacuum of the theory 
that preserves (explicitly breaks) the EW symmetry and therefore can be used to construct 
Gomposite Higgs (Technicolor) models (see [9] for a detailed discussion). 

The vacuum Eg satisfies the relations 


S“Eg + EgS“/ = 0, fl = l,...,10. 


( 6 ) 


where Sq are the 10 unbroken generators of SLf(4), which obey to the symplectic algebra of 
Sp(4). ^ Affer EW symmefry breaking, the vacuum remains invariant under Lfem(l), that 
is [4] 

Ee Qem - Qem Eg = 0, Qem = + Y = -— [ ^ ^ | , (7) 

2V2\0 -oil 


^ The representations of these generators can be found in Appendix A. 
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where Qem is the electromagnetic charge operator. 

The scalar sector of the theory strictly depends on the choice of the vacuum Eg. As we 
will see in the following, the alignment angle 6 is completely determined by the radiative 
corrections and the requirement that the model reproduces the phenomenological success 
of the Standard Model. This framework is very different from the composite (Goldstone) 
Higgs scenario because there the different structure of the radiative corrections induced by 
the EW and top mass alone prefer the Technicolor limit rather than the composite Goldstone 
Higgs realisation. 


A. Scalar sector 

In the minimal scenario depicted above, the scalar sector can be constructed out of the 
vacuum Eg, making use of the two-index antisymmetric irrep M ~ 6 of 511(4) 


M = 


^-(cT + i©)+ V2(n, + HT0X' 


Eg , 


( 8 ) 


where (i = 1,..., 5) are the broken generators associated to the breaking of SLf(4) fo Sp(4), 
reported in Appendix A The explicit expression of M is 


M = 



0 

S* is* 

Hg -1- zHo 

n+ - zH 

1 

5* - zS* 

0 

—H -l- z H 

Ho — zH 


“H* — zHo 

H- - zH- 

0 

5-zS 


-n+ + zn+ 

—Hq -1- z’Ho 

—5 -i- z S 

0 


( 9 ) 


where we define 


p-j+ (n2 -1- iPii) 

V2 ' 

(]T2 -I- z’Hi^ 

= ^ 

V2 

(10) 

and we use the shorthand notation 

Ho = V2 (n4 cos 6 + 0 sin 6 - zHa) , 

Ho = V2 ^-0 sin 0 -1- n4 cos 6 - zHa^, 

(11) 

5 = V2 (n4 sin 6-0 cos 6 + zHs), 

5 = V2 ^0 cos 0 -1- n4 sin 0 -1- zHs^ . 

(12) 


Accordingly, the 511(4) invariant (tree-level) scalar potential reads 
Vm =^ml,Tr[M^M] + {cuPfiM) + h.c.) + 


+ 


AiTr[M+MM+M] - 2 (A 2 Pf{Mf + h.c) + (y Tr[M+M]P/(M) + h.c .), 


(13) 


where Pf{M) is by definition the Pfaffian of M, i.e. Pf{M) = | CijkiMijMki. The explicit 
expression of as a function of the fields introduced in eq. (13) is reported in Appendix B, 
where the stability conditions are also discussed. Note that before adding the operators 
including the Pf{M) the symmetry is Ll(4). 


' In the following we will assume that all the couplings in eq. (13) are real. 
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Because of the SLf(4) symmetry we can choose the vacuum of the theory to be aligned in 
the o direction as follows: 


dju 

da 



= 0 


<C7^) ^ f 


Cm - in 


M 


4 A 
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where Cm > ii^m ^ positive effective coupling defined as 


^11 - + Ai - A2 - A3). 


(14) 


(15) 


Notice that, before adding the EW interactions, the tree-level scalar potential in eq. (13) is 
independent of the parameter 6. Therefore, the theory at tree-level has an infinite number of 
degenerate vacua, of which the solution 0 = 0, that is Eq = Eg, preserves the EW symmetry 
As we will see in the next section, quantum corrections to the scalar potential arising from the 
electroweak and Yukawa sectors lift the degeneracy of the vacua and a global minimum arises 
selecting a non-zero value of 0. In turn this guaranties the breaking of the EW symmetry 
and, concurrently, the generation of a mass term for the Higgs boson at the quantum level. 

At tree-level the mass eigenstates of the theory are obtained by diagonalizing the scalar 
mass matrix 


where O denotes the collection of all the scalar fields in M, eq. ( 8 ). Thus, due to the vacuum 
structure of the theory, one can show that the five bosons H, correspond to the eigenstates 
of the matrix (16) with zero eigenvalues, i.e. they are the Nambu Goldstone Bosons (NGB)s 
associated to the spontaneous breaking of the SLt(4) symmetry in the scalar sector. They can 
be rearranged in terms of the (2,2) and (1,1) representations of SO(4) ~ SU{2)i x SU{2)r, 
namely 


n 


5 • 


(17) 


/n2 - iuA 
^04 - m 3 j ' 

Notably, the first representation has the same quantum numbers as the SM Higgs doublet. 
Therefore, we can identify the fields Hi 2,3 with the longitudinal polarisation of the W and 
Z gauge bosons (see subsection II B), whereas the EGH is given (at tree-level) by n 4 . As 
remarked above and discussed in more detail in the following section, the radiative correc¬ 
tions to (13) allow to generate a mass term for the Higgs boson, which in this case arises as 
a linear combination of the fluctuations of the a and n 4 fields around the vacuum. 

On the other hand, the scalar fields a, © and H/ {i = 1,..., 5) acquire a non-zero mass at 
tree-level given by 


with 


ml=Mi 


m: 


2 _ 
0 




Af = A4 — A2 > 


2/2- 


(18) 

( 19 ) 


^ As shown in Appendix B, the positivity of An guarantees the stability of fhe scalar pofenfial. 
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In terms of the parameters in eq. (18) we can recast the dimensional terms Cm, in Vm and 
linear combination An in (15) as 

1 1 

Cm = 2(m|-A(4Aii-A)), ml,= -{Ml-fHiAn-A)-M^), A„ = ^, (20) 

with 

A = 4 All + A 3 + 4 A 2 . (21) 

Finally, we notice that the Ils can acquire mass at tree-level by introducing a small breaking 
of the SLf(4) symmetry by adding the following operafor to the potential in eq. (13) 

Vdm =^Tr [EaM] Tr [EaM]* = \em (^l + ^l) > with Ea = ° J . (22) 

As shown in [4], in this case Ils is a stable massive particle - due to the presence of an 
accidental Z 2 symmetry - and provides a viable Dark Matter candidate. Accordingly, the full 
tree-level scalar potential of the theory is 

V=Vm + Vum. (23) 

The minimum of V is still aligned in the o direction, but now there are new massive excitations 
for Pm ^ 0 , that is 

^ri5 = ^0 + 2A;/ + = p^. (24) 

All in all, once the symmetry breaking scale / is fixed, the scalar sector of the theory can 
be described in terms of only five independent parameters: M^, Me, pM, A/ and A. 


B. Gauge sector 

In order to embed the EW gauge sector of the SM into the larger group 511(4), we gauge the 
SU{2)i X Lr(l)y part of the chiral symmetry group SU{2)i x SU{2)r c 511(4). In this way, the 
scalar degrees of freedom are minimally coupled to the EW gauge bosons via the covariant 
derivative of M 

D^M = d,M-i[G,M + MG]) , with G, = gWiJ[ + g'BJy, (25) 

where the SU{2)i generators (z = 1,2,3) and the hypercharge generator Ty = T\ are given 
in Appendix A. The kinetic and EW gauge interaction Lagrangian of the scalar sector reads 

£gauge = \^r[D^M^Dm\, (26) 

which explicitly breaks the global 5L1(4) symmetry. For any non vanishing 0 the EW gauge 
group breaks spontaneously and the weak gauge bosons acquire non-zero masses through 
the Higgs-Brout-Englert mechanism that read 


Ki = sin^ 0, and ml = \{g^ + g'^)f sin^ 6. 


(27) 
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Comparing these expressions with the corresponding SM predictions reported in eq. (1) we 
see that / and 6 must satisfy the phenomenological constraint 

/sin0 = Uew ^ 246 GeV. (28) 

It has been established in [4] that a non-vanishing 6 indeed occurs when radiative cor¬ 
rections are taken into account. We will further demonstrate, in the following section, that a 
small value of 6 is naturally preferred by the theory once the full parameter space is properly 
investigated. 


C. Yukawa sector 


We construct the Yukawa sector of the theory introducing EW gauge invariant operators 
that explicitly break the SU{4) global symmetry and correctly reproduce the SM fermion 
masses and mixing. Following this reasoning, we formally accommodate each one of the 
SM fermion families in the fundamental irrep of SLf(4), namely 

L« = (l, V, ~ 4, Q, = (q, ~ 4, (29) 


where a = e, p, t and i = 1 , 2 ,3 are generation indices and the tilde indicates the charge 
conjugate fields of the RH fermions, that is, for instance, Vai = {vurY, iai = {^urY, I-ul = 
{vau^aiY and similarly for the quark fields. Notice that a RH neutrino v^r for each family 
must be introduced in order to define to transform according to the fundamental irrep of 
SU{4). 

Given the embedding of quarks and leptons in SLf(4), we now construct a Yukawa mass 
term for the SM fermions. For this we make use of 511(4) spurion fields [13] Pa and Pa, with 
fl = 1,2 is an SU{2)i index. They transform as (w^)^rL u'^, with u e SU{4). In this case 
we have 


with 


= J_i ^3\ p T-\ 

' V 2 I-T 30 J' ^ V 2 I-T" 

_ J_/02 p ^±(02 ^ 

' ' V2I-T3OJ 


ai±ia2 


T 3 


I 2 + 03 


and T 3 


I2 — O3 


(30) 

(31) 

(32) 


Then, in terms of Pi ,2 and Pi ,2 we write the Yukawa couplings for the SM fermions that 
preserve the SU{2)l gauge symmetry: 


-£ 


Yukawa 


-I- 


yu 

ij 

V2 

V2 


yd 

(Q[P„Qy)Vr[P„M] + ^ 

ye 

(L^P„L^)Vr[P,M] + -^ 


(QfP„Q^)Vr[p,M] 

[LlPaLfif Tr[PaM\ + h.c. 


(33) 
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with the Yukawa matrices of quarks and leptons chosen in agreement with experiments. 
This Lagrangian explicitly breaks the SLf(4) global symmetry. In fact, in terms of the SM 
quark and lepton fields, eq. (33) can be written as 

- = y“ (QiL ql)[ Tr [P, M] + Yi (Q,x Tr [p, m] 


a 

Kp V)pr[P.M] + y'p + h.c. 


+ 


Then, after EW symmetry breaking, we predict for the SM fermion masses 

f sin 6 


ntF = yp- 


V2 


(34) 


(35) 


1 /f being the SM Yukawa coupling of quarks and leptons in the fermion mass basis. Notice, 
in particular, that a Dirac mass for neutrinos is generated as well. In principle, one can add 
a Majorana mass term for the RH neutrino fields, which provides an explicit breaking of the 
SLf(4) symmetry, but preserves the EW gauge group. In this case, the most general mass 
Lagrangian for leptons is 

, , f sin 9 - f sin 6 _ 1 _ 

- Cl^/3R + y^aj — VaL^jR + ^ i^R)jkVjR {VkRY + h.C. (36) 

where Mr is the Majorana mass term of the three RH neutrinos. We require Mr to generate 
a small breaking of 511(4), that is 

|(MR)y,| « /. (37) 


The couplings in eq. (36) allow to generate at tree-level a Majorana mass term for the LH 
neutrinos, in a maimer similar to the standard type I seesaw extension of the SM [14]. This 
yields 

1 

^mass = “2 (^v)a^ Wl(v^l)' + h.C. (38) 

with 

IT- f sin 0 z^Fw 

mv = -rriD Mj^^ and nio = -—— = W —— . (39) 

V2 V2 


III. ELECTROWEAK SCALE FROM RADIATIVE CORRECTIONS 

A non-zero mass term for the EGH field 04 is generated at quantum level from those 
operators in the Lagrangian that explicitly break the global symmetry SLf(4), i.e. the gauge 
and Yukawa interactions. In this section we will compute the one-loop Coleman-Weinberg 
effective potential [15] of the model and study the new vacuum alignment conditions, which 
determine the spectrum of the theory. 


A. Coleman-Weinberg potential 


The one-loop correction 6\7(0) of the scalar potential V given in (23) takes the general 
expression 

A1^(0) 


6 R( 0 ) 


6471 ^ 


Str 


AF( 0 ) log 


pI 


-c 


+ R, 


GB/ 


(40) 
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where in this case O = (a, 114 ) denotes the background scalar fields that we expect to lead to 
the correct vacuum alignment of the theory and A1(0) is the corresponding tree-level mass 
matrix. The supertrace, Str, is defined as 

E-2 E+3 L. («) 

scalars fermions vectors 

and we have C = 3/2 for scalars and fermions and C = 5/6 for the gauge bosons, whereas po 
is a reference renormalization scale. The terms related to the massless Goldstone bosons are 
described by a separate potential, Vgb, since these terms lead to infrared divergences due 
to their vanishing masses. There are several ways of dealing with this issue, for example 
adding some characteristic mass scale as an infrared regulator. However, since the massive 
scalars give the dominant contribution to the vacuum structure of the theory, we will simply 
neglect Vgb in the following discussion. 

In terms of the background fields a and we can write the first term in eq. (40) as 

bV{o,Il^) = 6 HEw(n,n 4 ) -t 6 Htop(n,n 4 ) -t bVsc{o,Ili), with (42) 


bVmi{OrVli) 


10247X2 




2 ^^ (log ^ j + l^log 


ig^ + g'^)(p^ _ 5' 

H 6 , 




(43) 


(44) 


where (p = a sin 0 - 1-04 cos 0. We consider for simplicity only the fermion contribution in 
the one-loop potential arising from the virtual top quark. Notice that both 6 Hew and 6 Wop 
introduce an explicit dependence on 0 in the full scalar potential of the theory. 

The quantum correction originated from the scalar sector reads 


bVUo.Ui) 


3 

-y + m0(a,n4) + ml ( 0 , 04 ) + ml^(a,n4) + 


647x2 L 2 
+m^(c7,n4)log 






+ m@(a,n4)log 


m^(cT,n 4 )^ 




+4ml (c 7 ,n 4 ) log 


n, 




( 


+ ml (u, 04 ) log 


mj,^(cr,n4)' 




(45) 


+m^ (c7,n4)log 


-IT- 


V u y 

where the background dependent masses of the scalar fields are 

1 


m^(c7,n4) = 2^2^ 


Ml {30^ + Ul- f) , ml{o,U,) =MI + a{uI + o^- f) , 


m 


,(C7, n4) = + A (n^ + ^2 _ f2^ + 2a f [nl + o ^), 


n^) = m^io,Ui) + Pm + + ^^ ) / 


(46) 


m^^(c7, U^) = + H^ - f) + 


2 / 


/^M • 


Notice that these expressions reduce to the tree-level scalar masses (18) and (24) when we 
evaluate them for (O) = (/, 0 ). 
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B. Determining the vacuum of the theory 


At the quantum level a new parameter emerges which is the renormalization scale po- 
Following [4] we fix this parameter in such a way that the quantum corrected potential has 
still an extremum in the o direction by imposing 


d6V{o,n^) 


do 


a=f,n4=0 




^,Str [M\a, U,) (log M\o, U,) - C)] 


^,Str[M4(cT,n4)] 


• (47) 


cr=//n4=0 


This condition induces in po a dependence on /, 6, M^, M@, [J-m as well as the effective 
couplings Af and A. 

We are now able to determine the value of 6 that minimises the full (tree-leveF plus 
one-loop) scalar potential, by imposing the conditions 


d5V{o,n^) 


dO 


ddVio,!!^) 


a=f,Tl4=0 


do 


+ 


d6V{o, Ili) 


a=/,n4=0 


dl^G 


do 


= 0 


(48) 


a=/,n4=0 


and 


d^6V{o,n^) 


cr=/,n 4=0 


> 0 . 


(49) 


This shows that the specific value of 0 that minimises the overall potential is a dynamical 
issue. We will shortly discover that the theory prefers very small values of 6 without having 
to fine-tune the parameters of the theory 


IV. PHENOMENOLOGICAL CONSTRAINTS 

According to the discussion reported in the previous sections, the set of parameters that 
fully describes the scalar sector of the theory is the following: 

/, d, Ma, Me, pm/ a, Af. (50) 

Several phenomenological constraints allow to relate and reduce the number of free param¬ 
eters in (50). In fact, as already pointed out in subsection IIB, in order to reproduce the weak 
gauge boson masses, / and 6 must satisfy the condition given in eq. (28). The minimisation of 
the scalar potential requires also the conditions given in (48) and (49). Furthermore, impor¬ 
tant constraints are provided by the Higgs phenomenology, starting with the experimental 
value of the Higgs mass [16]: 

= 125.7 ±0.4 GeV. (51) 

The Higgs is one of the two linear combinations of o and n 4 , that is 

cr \ /cosn -sinnWHi) 
n 4 / (sinn cosn/\H 2 /^ 


® The tree-level potential is 6 independent. 
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where Hi and H 2 are the mass eigenstates and a the scalar mixing angle, chosen in the 
interval [0,7i/2]. The observed Higgs boson will be the lightest eigenstate. 

To extract the couplings of the scalars to the SM fermions we recall that they are propor¬ 
tional to 


-rr[PiM] = -rr[P 2 M] 


cos 0 n4 -I- sin 0 cr _ cos {a + d) H 2 + sin {a + 0) Hi 

V2 V2 


(53) 


Hence, from Eqs. (34) and (53), fhe SM fermion couplings fo fhe mass eigensfates Hi and H 2 
read 


1 


AhiFf - —sin (a + 6), 


1 

AhzFf = —=i/fcos {a + G) . 

V 2 


(54) 


We can now define the SM normalised coupling strength 


Cf 


Ahi[2 ]FF 


asm 


sin {a + 0) [cos {a + 0)] , 


(55) 


where A®^ = i/f / V2 is the SM coupling and the index between square brackets refers fo H 2 . 
Similarly, for the couplings to the gauge bosons, normalised to the SM one A®^^, we have 

Cv = —^— = sin {a + 0) [cos {a + 0)] . (56) 

^hVV 

The parameters Cp and Cy must satisfy the experimental constraints [17] 


Cv = 1.01!°;°^, Cf = 0.89!°;^^ at 68% C.L. 


(57) 


Finally, we report the trilinear self-coupling of Hi and H 2 and confront them with the 
corresponding SM prediction, 3 m^/z^Ew- In this case, we have [4] 


AfliFfiFfi 


A 


SM 

hhh 


^EW 


Ml COS a 


A 


H2H2^2 

ASM 


Ml sinn 
^Ew—— 

f< 


(58) 


We can now investigate two limiting cases, the one (case A) in which 0 1 and the other 

(case B) where 0 ^ 7i/2. 

Using (57), for case A, i.e. for a vacuum aligned mosfly along the Goldstone Higgs 
direction we have 


Case A: {a, 0) {njl, 0) ^ (u, n 4 ) ~ (H 2 , Hi) ^ ~ Hi ~ n 4 , (59) 

where the SM Higgs (h) is mostly the pNGB n 4 . Instead for 0 ~ 7i/2, we find 

Case B: {a, 0) « (0, n/2) ^ (u, n 4 ) ~ (Hi, H 2 ) ^ ~ Hi ~ u , (60) 

for which o is nearly identified with the SM Higgs. 

Radiative corrections will choose the appropriate vacuum alignment as we shall see in 
the following section. 
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Figure 1. Case 1. Left panel: Distribution of the vacuum alignment angle 6. The mode is 
6 = 0.136^gg°2 (solid vertical line), which corresponds to an average symmetry breaking scale 

/ = 1.81j(p ^ TeV. In this case the Higgs is mostly a pNGB. Right panel: Correlation of the scalar 
mixing angle a and sin 0. The gradient scale describes the values the parameter (see the text for 
details). 


V. PARAMETER SPACE ANALYSIS AT THE QUANTUM LEVEL 

We are now ready to embark in the numerical analysis of the theory by minimising the 
quantum corrected potential, following the procedure outlined in the subsection III B. This 
will allow, for a given sef of the theory parameters, to establish the specific embedding angle 
6 fhaf it is crucial to determine whether or not the Higgs is mostly a pNGB state. 

We will learn that the model prefers very small values of 6 withouf fine-funing. This is 
a very welcome feafure demonstrafing thaf the EGH paradigm is not a forced feafure buf 
rather a natural outcome. It also sets the EGH apart from ifs composite counterpart that 
requires instead a large fine-tuning to accommodate the pNGB nature of the Higgs [9]. 

To better appreciate the dependence of the results on the various parameters of the theory 
we considered different cases in the numerical analysis, namely 

Case 1: Ma = Mq = Ms, A/ = 0, 

Case 2: Ma 4^ Mq, Af = 0, (61) 

Case 3: Ma 4 Mq , Af 4 Q, 

where Af controls the difference, af tree-level, between the © and H, masses as shown in 
eq. (18). In case 1 all the massive states have a common mass at tree-level (see eq. (18)) and 
the potential will depend on: A, Ms, y-u and sin 0. Imposing the experimental constraints 
introduced in the previous section further reduces the parameter space. In the other two 
cases, we relax the assumption of degenerafe free-level scalar masses. 

In the following we will presenf our resulfs in ferms of scatfer plofs fhat befter illustrafes 
the dependence of the model on the parameter space of fhe theory. Eor each plot we fix the 
SM Yukawa coupling of the top i/t = 1 and we allow for a 3 cr uncerfainty on fhe value of 
the Higgs mass and use the central values of the weak gauge boson masses given in [16]. 
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sin0 


sin0 


Figure 2. Case 1. Left panel: Parameter space projection in the plane sin 6 versus A. The gradient scale 
of the points describes different intervals of /jm- For sin 9 < 0.1 we have A « K sin^ 9, where IC 90 is 
a constant independent of Right panel: Correlation between the effective quartic coupling A and 
the scalar mass Ms, using an analogous gradient scale for ^m- The dashed line corresponds to the 
perturbative limit A = 4 tz. For sin 0 < 0.1 the scalar mass is approximately constant and approaches 
the value Ms ~ 2.6 TeV (see the text for details). 


Moreover, in all the three regimes we impose the perturbativity bound on the effective quartic 
coupling A, that is |A| < 4 ti. The same constraint is applied to A/ in the most general scenario 
of case 3. Furthermore, we choose random values of the parameter in the interval 


m/j < Pm < 1 TeV, (62) 

with the additional constraint pM < /• The latter ensures that pM introduces only a small 
explicit breaking of the global SU(4) symmetry. 


A. Case 1 

Here we vary the common scalar mass Ms, defined in the first line of (61), in the interval 

nih < Ms < 5 TeV. (63) 

As described in the previous section, for each random value of Ms and pM, we select the 
other parameters of the model imposing the experimental value of the Higgs mass and the 
minimisation conditions of the Coleman-Weinberg potential, Eqs. (48) and (49). In this way 
we extract the values of the effective quartic coupling A and the vacuum alignment angle 6, 
which are, therefore, implicit functions of the dimensional parameters Ms and pM- 

Using this procedure we produce a list of 2000 points satisfying the constraints above. 
We plot in the left panel of Fig. 1 the distribution of the 6 values resulting from this study 
yielding a mode of: ^ 

e = 0.136!°;°?^, (64) 


^ In the following we define fhe mode as fhe value fhaf appears mosf offen in a sef of dafa. We reporf fhe error 
on fhe mode as fhe widfh evaluafed af half of fhe mode highf. We use for fhis sfafisfical analysis histograms 
wifh 1000 bins. The error on fhe scale / of fhe fheory is compufed wifh fhe sfandard propagafion of errors. 
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Figure 3. Case 1. Left panel: Correlation between the tree-level mass Ms and the mass of the heaviest 
scalar mass eigenstate H. The lower limit of Mh corresponds to the tree-level value Ms ~ 2.6 TeV. 
Right panehThe ratio of the trilinear coupling of the light Higgs h and the trilinear coupling in the SM 
a function of the mass of Mh- A strong suppression is obtained in the EW conserving limit sin 0 = 0 
(see the analytic prediction given in (58)). 


corresponding to a = 1.57 and the 511(4) spontaneous symmetry breaking scale of 

7 = 1.81!°;?® TeV. (65) 

Notice that, for a given 0 the scalar mixing angle a is essentially determined by imposing 
the experimental constraints given in eq. (57), which is reflected in the second panel of Fig. 1, 
where the colour gradient shows the variation of /Tm within the range specified in (62). The 
plot clearly shows that the dynamics prefers small values of 0 implying that the Higgs boson 
is mostly aligned in the 04 pNGB direction. 

In the left panel of Fig. 2 we show the projection of the allowed parameter space in the 
plane sin 6 versus A. As we can see from this plot, the variation of A is very simple for sin 6 
close to zero. Indeed, from the minimisation condition we find to a very good approximation 

A » Ksin^d for sin 0< 0.1, (66) 


where K depends on Ms and not on (for Ms ~ 2.6 GeV, K ~ 90). Henceforth, for 
sin 0 < 0.1 the only independent parameter is the tree-level scalar mass Ms, which is fixed 
by the knowledge of the Higgs mass via 


nit 


16 71^ v'^ 


EW 


M^ log 


\^s^ 


+ M?v log 


(M4, 


■"EW 


+ log 


"EW 

2Ml 


(67) 


For nih = 125 GeV and z^ew = 246 GeV the previous expression implies 


Ms ~ 2.6 TeV for sin 0 < 0.1. 


( 68 ) 


The general dependence of Ms with respect to 0 is shown in the right panel of Fig. 2. The 
analytic value for small 0 is confirmed by the numerical analysis. The dashed line in the 
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Figure 4. Case 1. Dependence of the heavier scalar mass Mh on the angle 6. Left panel: The plot 
has been realised using analytic expressions and expanding in sin 6. We set here /.iM = t’EW- The grey 
band corresponds to the 3a uncertainty on the Higgs mass while the dashed line marks the value of 
the vacuum angle 6 in eq. (64). Right panel: Projection of the parameter space in the plane Mh versus 
6. The parameter now takes random values in the interval nih < /jm ^ 1 TeV. 

plot represents the points with A = 4 ti. Notice that the perturbative bound on A implicitly 
sets an upper limit on the vacuum angle 6. The overall spread is due to the dimensional 
parameter foi" both panels of Fig. 2. 

We turn now to the properties of fhe heaviesf scalar mass eigensfafe defined in eq. (52), 
which here corresponds to H = H 2 ~ o. If is clear from fhe leff panel of Fig. 3 fhaf fhe 
physical mass Mh and the tree-level mass Ms are still close to each other once the quantum 
corrections are taken into account with the difference due mosfly fo fhe effecfs of pM- The 
mass of fhe heavy Higgs H also affecfs fhe rafio befween fhe frilinear Higgs coupling Ahm 
and fhe corresponding SM one given in (58). The laffer is shown in fhe righf panel of Fig. 3 
as a function of Mh- As expecfed from fhe analytic expression, fhere is a strong suppression 
for 6 < 0.1 corresponding fo 2.6 TeV < Mh ^ 3 TeV. 

Furfher, we wanf fo show in Fig. 4 how fhe 3cr uncerfainfy in fhe mass of fhe observed 
Higgs affecfs Mh- In fhe leff panel of Fig. 4, we show an analytic rendering of fhis dependence. 
The dark grey band (reflecfing fhe 3cr uncerfainfy) shows fhis correlation for fixed values 
of Ms, Pm and 0. This is superimposed on fhe dependence of the Mh with respect to the 
unconstrained 0 and Ms values, but still having fixed pM = Vew- The numerical analysis 
confirms fhe analytical expecfafion as if is shown in fhe righf panel of Fig. 4 where, however, 
we have also allowed pM to vary as in (62), with the points coloured for differenf values of 
Ms- 

Next, we quantify fhe impacf of fhe experimenfal value of fhe Higgs mass (51) in fhe 
selection of fhe vacuum alignmenf angle 0. This is shown in Fig. 5 by reducing/increasing 
the physical Higgs mass by 10% (yellow/green). The blue region corresponds to the observed 
Higgs mass. Interestingly the lower the mass of fhe Higgs, fhe larger would have been fhe 
range of fhe allowed 0 values, while Ms would be lighfer. Again, fhe dashed line corresponds 
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Figure 5. Case 1. The scatter plot shows allowed regions in the parameter space fixing the Higgs 
mass respectively at 10% less/more than the observed Higgs mass (yellow/green points respectively). 
We show as well the results using the exact 3a uncertainty on the Higgs mass (blue points). The 
dashed line corresponds to A = Ttz. 
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Figure 6. Case 2. Left Panel: Distribution of the vacuum alignment angle 6. In the upper right side 
of the plot we show the distribution for small 6. The vertical solid line corresponds to the mode at 
6 = 0.016('(QQg2. Right panel: Correlation of the scalar mixing angle a and sin 6. The colour gradient 
gives the value of the effective quartic coupling A. See the text for details. 


to A = 471. The spread is given again by varying within the interval (62). 


B. Case 2 

In this case we have that Mg + Mq and Me = Mn = Ms. Therefore, the parameters 
characterising the model are A, Mg, Ms, jJ-M arid sin 9. We consider values of the scalar 
masses within the interval 


nih < Ms,Mg < 5 TeV. 


(69) 
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Figure 7. Case 2. Left panel: Correlation between the mass parameters Mg and Ms- Right panel: 
Dependence of the heaviest scalar mass, Mh, with respect to its tree-level value, Ma- See the text for 
details. 


The procedure used in this section is the same as described above. Thus the randomised 
parameters are Ms,Ma and /tm- As in the previous scenario, we construct a list of 2000 points 
satisfying all the experimental constraints. We found that the mode of the vacuum angle 0 is 

0 = 0.016!°;°o^ (70) 

The average scalar mixing is also in this case n = 1.57. The associated SLf(4) breaking scale 
reads 

7 = 15.2!3-9TeV. (71) 

We notice that the central value of 0 is smaller fhan in the first case, correspondingly we have 
a higher central value for the spontaneous symmetry breaking scale which is now around 
10 TeV. Because the parameter space is larger than in the first case we also observe a larger 
deviation from the central value. 

In Fig. 6 we show in the left panel the resulting distribution of the values of the vacuum 
alignment angle 6, while in the plot on the right side we display the correlation between a 
and sin 0, with the colour gradient corresponding to fixed values of A. Notice that very few 
poinfs with 0 > 0.4 are found in the numerical analysis, while in most of the parameter space 
the dynamics of the theory favours small values of 0. Therefore, we conclude that also in 
this regime the physical Higgs particle emerges as a pNGB, that is = Hi ~ 04 (see eq. (59)). 

In Fig. (7) (left panel) we show the correlation between the tree-level scalar masses Ma 
and Ms- We mark with a solid line the particular case Ma = Ms corresponding to the case 
1 limit studied before. Considering only the scalar and the top corrections, and neglecting 
in first approximation the parameter [J-m, we get from the minimisation condition (48) the 
relation 

A = sin^ d g{Ma,Ms), (72) 

where g{Ma,Ms) is a complicated function that depends on the scalar masses. In the limit 
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Figure 8. Case 2. The ratio between the Higgs bilinear coupling Ahm arid the SM one as function of 
Mh. 


A Si 0 one has 



Ml 

log 

Ml 


6 (log 

2 ’ 



(73) 


where nit indicates the top mass. This condition corresponds to the long-dashed line in left 
panel of Fig. 7. In fhe righf panel of the same figure, insfead, we reporf fhe correlation 
befween Mg and Mh, with the colour gradient indicating the values of 0. We can see thaf for 
masses Mg > 1 TeV the mass of fhe heavier scalar is almosf entirely given by the tree-level 
term and most of the points correspond to very small values of 0. 

Finally, the scatter plot in Fig. 8 displays the ratio of the trilinear coupling with respect to 
the SM one as function of Mh, each poinf, again, corresponding fo a cerfain 0. We can see 
thaf larger values of 0 give a non-negligible ratio, while if 0 is very small, like the average 
value of fhe sample obfained in fhe analysis suggesfs, eq. (70), there is a strong suppression. 


C. Case 3 

Finally we consider the most general possible spectrum of fhe theory, that is Mg + M@ + 
Mn,. The parameters used in the analysis are A, A j. Mg, Me, and sin 0. As in the previous 
cases, we randomly generate the scalar masses and extract the values of 0 and A that satisfy 
all the phenomenological constraints. In particular, the scalar masses are varied within the 
interval 

nih < Mg,M@,Mn, < 5 TeV. (74) 

In this more general regime the correlations between the parameters of the theory are very 
similar to the ones obtained in the previous case. However, we can notice that the points 
are a bit more "smeared" out due to A/ being in general different from zero. We find again a 
scalar mixing angle ofa = 1.570 and the mode of the distribution to be 


0 = 0 . 018 ^°°^ 


(75) 
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Figure 9. Case 3. Left Panel: Distribution of 6. In the upper right side of the plot we show the 
distribution for small 6. The vertical solid line corresponds to the mode with value of 0 = O.OlSj'^Q pQg. 
Right panel: Correlation of the scalar mixing angle a and sin 6. The colour gradient describes the 
value of the parameter A. 


The average 511(4) breaking scale associate to 6 is 

7 = 13.9!|^TeV, (76) 

which is very similar to the results obtained in the previous case, Eqs. (70) and (71). 

The distribution of 6 as well as the correlation between a and 6 are reported in Fig. 9. 
Also in this case we deduce that the Higgs particle is mostly the pNGB 04 . We do not show 
here additional scatter plots since the results are very similar to the previous case. 


D. Electroweak precision observables 

The presence of new massive neutral and charged scalar fields can lead fo sizeable cor¬ 
rections to the Z and W- self energies. In the model under study is therefore inferesfing 
to evaluate the couplings of the massive scalar fields contained in M coupled to the gauge 
bosons. The deviations with respect to the SM contributions can be described through the 
so called oblique parameters, S, T and U [18,19]. The relevant diagrams are shown in Fig. 
12. In Appendix C we list all the relevant Feynman rules and the main integrals used in 
the computation. We will use as experimental values for the oblique parameters, the values 
reported in [20] (defined for the reference masses mt^sf = 173 GeV and nih^ref = 125 GeV): 

5 = 0.05 + 0.11, T = 0.09 ±0.13, H = 0.01 ±0.11 . (77) 

The oblique parameters are defined through the vacuum polarisation amplitudes as fol¬ 
lows: 

+ iq^'q^’terms) = d^xe“"^^{/^(x)/^(0)), (78) 

where (XY) = (ll),(22),(33),(3Q),and(QQ) and 

nxriq^) = nxY(O) + q^n'^y(q^) . 


(79) 
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Figure 10. Correlation between S and T in the three regimes studied in in Section IV: case 1 (left 
panel), case 2 (middle panel) and case 3 (right panel). 

Then, the three oblique parameters S, T and U are 

nS = 4e2[n'3(0)-n'Q(0)], 

= 2 2 2 [nil(O) - n33(0)] , (80) 

aU = 4e^[U[^{0) - 0 ^ 3 ( 0 )], 

where a = l{^n) is the fine-structure constant. The analytic expressions for S, T and U are 

listed in the Appendix C in terms of the physical masses. 

The parameters T and U are proportional to cos^(0 + a), which, due to the low value of 
6 and a ~ 7 i/ 2 , strongly suppresses any contribution coming from the heavier scalar H. On 
the other hand, the S parameter features two distinct contributions one still proportional 
to cos^(0 -I- a) and the other to sin^ 6. The function multiplying this latter term depends 
explicitly on Mo and M^,. 

In Fig. 10 we report the correlation between S and T for all the three cases studied in 
Section IV. We show for complefeness the scatter plots of S versus U and T versus U in 
Appendix C, respectively in Figs. 13 and 14. The variation of S, T and U with respect to sin 6 
is shown in Fig. 11. 

It is clear from this analysis, and scatter plots in Figs. 10 and 11, that the model is 
phenomenologically viable and that only few points can be affected by the EW precision 
constraints. The results also show which level of precision must be reached in order to 
constrain the parameter space of the theory. 


VI. CONCLUSIONS 

In this paper we analysed in detail the paradigm, put forward in the exploratory work 
[4], according to which the elementary Higgs sector of the Standard Model is enhanced to 
an SLr(4) symmetry that breaks spontaneously to Sp(4). The embedding of the electro weak 
gauge sector is parametrised by an angle 0 < 0 < 7 i/ 2 . In this scenario the observed Higgs 
particle is shown to emerge as a pNGB with its mass arising via radiative corrections. 
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sin0 sinS sinS 


Figure 11. The parameters S (purple), T (red) and U (orange) as function of sin 9, the angle defining 
the vacuum alignment of the model. The scatter plots correspond to the scalar spectra studied in 
the Section IV, i.e., case 1 (left panel), case 2 (middle panel) and case 3 (right panel). As expected, 
the larger is the value of sin 6 the larger are the contributions to the oblique parameters. The solid 
horizontal lines represents the bounds from the fit reported in (77). 


Via detailed analytical and numerical analyses we have demonstrated that not only a 
pNGB of the Higgs is possible but that it is, indeed, naturally embodied in the elementary 
realisation. We analysed several parameter space scenarios. For the most general one (case 3 
in subsection V C) we demonstrated that the preferred electroweak alignment angle is centred 
around 6 - 0.02, corresponding to the Higgs chiral symmetry breaking scale / - 14 TeV. 
This is almost 60 times higher than the SM electroweak scale. Due to the perturbative nature 
of the theory the new scalars remain in the few TeV energy range. 

We sfress thaf it is the structure of the quantum corrections that is responsible for this 
intriguing result. Crucially, the origin and structure of the quantum corrections here, dic¬ 
tating the specific electroweak vacuum alignment physics, is dramatically different from the 
composite cousin models. The reason being that for the composite case the final vacuum 
alignment is dictated by cut-off contributions that require new operators rendering the pNGB 
nature fine-tuned [9]. Furthermore, in the composite case the new resonances are of the order 
of 47 i/ and therefore typically much harder to discover at present and future colliders. 

We have also determined the electroweak precision parameters and shown that the model 
is phenomenological viable. Several technical details are summarised in the appendices 
including the Feynman rules of the model. 

The elementary nature of the pNGB Higgs permits to investigate different aspects of the 
ultraviolet physics such as a potential asymptotically safe nature [22, 23] or lead to new 
theories of grand unification. 
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Appendix A: Group Generators 

We use the following parametrization of the vacuum of the theory: 

Eq = cos 0 Eg + sin 6 Eh ■ 


(Al) 


We give here the representation of the unbroken and broken generators of SLf(4), respectively 
Sg with i = 1 ,10 and Xg with i = 1,5, associated with Eg: 
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where we use the following normalisation: 
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Tr[S“S^g] = 


Tr[X'X'g] = ^6'E 


1 

2^ 


(A2) 


(A3) 


Following [4], we choose to embed in SLf(4) the full cusfodial symmefry group 
SU{2)i (8) SU{2)r, identifying the left and right generators as: 


T -1 r “ 
'■ 2 I 0 0 


r-l° ° 

^ 2 0 -uf 


(A4) 
of the SM, 

(A5) 


where cr, with i = 1,2,3 are the Pauli matrices. The generator of the hypercharge is identified 
with the third generator of the SE[{2)r group, Ty = . 


Appendix B: Stability of the potential 

We study in this appendix the stability of the tree-level scalar potential given in (13). The 
latter can be recast using the following sexfuplets: 

(pi = (o, in), and (p 2 = (©, -ifl). 


(Bl) 
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which allow to express the following real quantities: 




<Pi<Pi = l<Pil = c 7 +n , = \<P 2 \ = © +n , and <pl(p 2 = p l<Pil l<P 2 l = c 7 ©-n-n. (B2) 


In the last expression we have |p| G [0,1], because of the Cauchy inequality, i.e. 0 < |(p|(p 2 l 
|(pi| \(p 2 \. In terms of the two sextuplets, the potential reads 
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(B3) 


Restricting ourselves only to real parameters, i.e. setting Cmi = ^21 = A 3 J = 0, the potential 
becomes 


+ \(p2\^) - ^Cmr(|<PiP - |<P2p) + Anl^ll^ + A22l92l^ + 2Ai2|(pi|^2^ / (B4) 

where we introduce the effective couplings 

1 

All = ^ (A + Ai - A2 - A3), 

A 22 = ^ (A + Ai - A 2 + A 3 ), (B5) 

1 1 

Ai 2 = ^ (A + 3Ai + A 2 ) + -p^ (-Ai + A 2 ) . 

Then, the minimum of the potential is reached if the following conditions are satisfied: 


I p — 0 if (~Ai + A 2 ) ^ 0 

r V 1 27 

l^p = ±1 if (~Ai + A 2 ) ^ 0 

In order to have a stable vacuum configuration, a scalar potential of the form Aab (pl has 
to be bounded from below (the quartic potential indeed is a biquadratic form of real fields). 
This in particular requires that the effective quartic coupling of the scalar potential in eq. (B4) 
must be positive for all values of the fields and for all scales. The copositivity conditions are 
less restrictive conditions with respect to the Sylvester criterium since the biquadratic form 
has its domain in the non-negative orthant IR” and not in the whole IR". The conditions of 
copositivities [ 21 ] can be derived as follows, taking into account the minima conditions in 
eq. (B 6 ): 


All ^0 A A 22 ^0 A Ai2 + "^Aii A 22 ^ 0. 


So either A 12 is positive or it is negative, with |Ai 2 


G 1 ^ 0 , VAiiA^]. 


(B7) 
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Figure 12. Feynman diagrams contributing to the vacuum polarisation amplitude. The contributions 
from charged and neutral scalars appearing in the theory, together with their couplings, are given in 
the appendix. 


The condition that An > 0 is always satisfied given the relation reported in eq. (20). 
Conversely, the condition A 22 > 0 implies the relation 

^-2A2-^>0, (B8) 

with A defined in eq. (21). Finally, the last condition in (B7) gives 


2A - 4A;(p2 -l) + y 74/2(A-4A2)-M2 > 0, 


(B9) 


where A^ is given by eq. (19), while the request of positivity of the radicand corresponds 
to the condition (B8). Therefore, if p = 0 (±1), then A/ < 0 (> 0) and eq. (B9) gives a lower 
bound 


p = 0 then 2A-4|A||>-C 
p = ±1 then 2 A > -C 


(BIO) 



4 A 2 ) - being a positive number. 


Appendix C: Electroweak Precision Observables 


When we gauge the electroweak group, the three degrees of freedom associated with the 
generators namely the three NGBs, Hi 2 , 3 , become the longitudinal components of the 
massive gauge bosons W- and Z. We use the following notation for the W- bosons: 


(Wi + iW2) 

V2 


(Cl) 


We are interested to identify the scalar degrees of freedom which are charged under U{1)em- 
In particular we find convenient to redefine Hi 2 and ITi 2 in the following way: 


_ (02 + ini) -, _ (^2 + ^ni) 
^^2 ' ^^2 


(C2) 


The latter contribute at one loop to the self energy of the gauge bosons. The topology of the 
relevant diagrams is depicted in Fig. 12 and the explicit computation is reported below. 
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Using dimensional regularisation we have: 

d^k i 




I 


(2n)^ 




f 


d^k 


{2nY k^ — w?- 


1 2 


in'-^{q^,ntl,ml) 




d^k {2k + qy{2k + qY 

(271)4 {k^ - ml)[{k + qf - m]\ 


(C3) 


f' 


4-d 


f 


d\ {2k + qY{2k + qY 


{2nY {k^ - m^)[{k + qY - 

{ml + ml){T + 1 ) - 2f2{ml,ml) + q^[-\{T + 1 ) + 2fi{ml,ml)] 


{ 


iU%{qYml,mlY = 

(47i)^ . 


(47i)^ . 

+{q’'^q^ terms) + 0{q^), 
d^k i 


I 


(271)4 (F _ ml) [{k - qY - ml)] 
^ - f3{nil,nil) 


g^V^^-d 


f 


(C4) 


d^k 


(271)4 (F _ ml) [{k - qY - ml)] 

(C5) 


where y is an arbitrary mass scale parameter and T = 2/(4-d)-y + log(47i). The functions 
fi{ml,ml) and f 2 {m\,ml) are as 

'xm\ + (1 - x){m\ - q^x) 


/Ym^mY) 


dx x{l - x) log 


f2{ml,ml) - 


f^{q^,ml,ml) 


= I dx log 

Jo 


dx[xml + (1 - x)ml] log 


xml + (1 - x){ml - q^x) 




(1 - x){ml - xq^) + mix 

? 


(C6) 

(C7) 

(C8) 


In particular, if mi = m 2 = m in eqs. (C4) and (C5) we have 
iU^^{q^,m^,m^) = 2m^{r + 1 - log ^) + |-(-T - 1 + log ^)^ 


m^ 


+ {q^q'' terms) + 0{q^), 


UUF ^2 r- , m^ 


iUY{q ,m ,m) = 


(471)2 ^°^p2 


(C9) 


The parameters S T and U are defined in eq. (80) and take the explicit form 


S = 


cos2(0 + a) 


/ 


—bm'l + 22m^m2 — 5m4 5m4 — 22m2m| + Sm^ 


(m^-m|) 


6m4 (m2 - 3m2) log () 6m^ (m^ - 3m 


(m2-m|)' 


(m|-m|) 



+ - 


sin^ 6 
72 n 



log (3) 

-5M4 

\ 

+ 22M^Mjj - 5M^ 


\3 

) 

K-m?,) 

2 

/ 


(CIO) 
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S s s 


Figure 13. Correlation between S and U in the three regimes studied in the Section IV: case 1 (left 
panel), case 2 (middle panel) and case 3 (right panel). 


T = 


cos^(0 + a) 
1671 


log 


($) (4^' + ^z) log (^) (4^h + ^1) log ( 


'W 




+ 


(4< + ^w)log(^ 

(^z “ ^w) 


K-^z) 

(4^H + ^w)log(; 




,2 \\ 


'W 


H-^w) 


(^h-K) 


(Cll) 


U=- 


cos^(d + a) 
1271 


2 (m^ - ml) 


K (K ~ 


) 


(m^ - ml^ml 


) 


{K-K) {K-K) {K-K) H-^z) 



(C12) 


As we we can read from these expressions the only oblique parameter depending on the 
masses of Mn and Mo is S. We show the correlations S versus U and T versus U in Figs. 13 
and 14, respectively, for the three regimes studied in Section IV. 


Appendix D: Feynman rules for vacuum polarisation amplitudes 

We report here the Feynman rules for the non-standard couplings of the neutral and 
charged scalar fields with the gauge bosons W- and Z. In particular, we list below the 
trilinear and quadrilinear couplings between the vector bosons (indicated by V) and the 
neutral and charged scalar components (indicated respectively by S° and S-) appearing in 
M in eq. (9). 
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T T T 

Figure 14. Correlation between T and U in the three regimes studied in the Section IV: case 1 (left 
panel), case 2 (middle panel) and case 3 (right panel). 


The trilinear couplings between the W- vector bosons and charged/neutral scalars are the 
following: 


WU-p-q)S°{p)S-{q): 


Feynman Rules 


le 


2s 


w;! 


w 


<-> 


<-> 


(sin 0© - cos Qlli + - {h sin(0 + a) + H cos(0 + a) - fFIsldf'n 


w+efl- 


w+n4n“ 

w+nsfi- 


-i -— sin 6{p'-^ - q^) 

2s w 

z—^ cos 0(p''' - q^^) 
2sw 

^ -ip^-q^) 


2s 


w 


W^hYl —> i -— sin(0 + a){p^‘ - q^) 

^ 2sw 

i -— cos(0 + a){p^ - q^) 

2s w 


w+Hn- 


w^ngR- 


2s w 


(F^-/) 


(Dl) 


The trilinear couplings with the Z boson are given by: 


e(l - 2s2 ) 

Z,(-p - q)S^{p)S-{q) : - i—_ -^Z 


<-> 


<-> 


Feynman Rules : 


2swCw 

• zn+ft- 


n+dm- + n+0f'n- 

2 


zn+n“ 


e(l - 2s^) 

. V -^ 

2svvCw 
e(l - 2s2 ) 


Z^(-F - q)S°{p)S°\q) : 
Feynman Rules : 


2swCw 


2swCw 
^^ 

(sin 00 - cos 0 n 4 ) 0 '^'n 3 + Flgd'^' (sin(0 + a)h + cos(0 + a)H) 
e 


(D2) 


ZFIg© 


■ sin 6{p^ - q^) 


2s wCw 

zn 3 n 4 ^ cos 0(pf' - q^‘) 

ZSpvCw 

Zriglz ^ ^ sin(0 + a){p^‘ - q^^) 


ZRgH 


2s vvCw 
e 

2swCw 


cos(0 + n)(p^' - q^) 
































The vertices with two gauge bosons can be of two types: 
1) VV'S type, which couplings read: 


Feynman Rules : • —> ig^'' e niw 

^Jii-P - q)Zv{p)S^{q) : - eswmzW“Zvn+ 

Feynman Rules : • W~ZvYl''' ^ -ig^^ eswniz 

2) VVS type, which are given by the following couplings: 

^iii-p - q)^tip)S°iq) ■ sin9sm{9+ a)W-W^h 

g 

Feynman Rules : • W~Wyh —> ntw — sin(0 + a) 

^ Sw 

W-{-p-q)W:{p)S‘^iq) : ^/sinecos(e + a)W-fV^H 

g 

Feynman Rules : • W~WyH —> ig'^'' ntw — cos(0 + a) 

^ Sw 

ZJ-p - q)Zv{p)S^{q) : f sin 9 sin(g + a)ZnZvh 

Feynman Rules : • ZAZ^h —> ig^^^ mz -sin(0 + a) 

SwCw 

ZJ-p - q)Zv{p)S^{q) : f sin 9 cos{9 + a)ZuZvH 

Feynman Rules : • Z^Z^H —> ig^'' mz -cos(0 + a) 

SwCw 
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The quadrilinear couplings of type VVSS for the W- boson read: 


w;w;s+s- 

: ^gf'vw;w;(n+fi- + n+n-) 

Feynman Rules 

• 

w;w;]T+n- ^ 


• 

^2 

w;w;n+n- ^ 


W+w;s°s°+ : ^2 [sin(a + Ofh^ + cos{9 + afH^ + sin^ e©^ + cos d^fl^ + + n^] 

o 

Feynman Rules : • 

w;w-h^ - 

2 sin(a + e)2 

• 

w;w;h2 

—> ig^^ —Y cos(0 + a)^ 

• 

w+w;©2 

2 

—> sin^ 0 

2s^ 

• 

w;w;n2 

—> cos 6^ 

2s^ 

• 

w;w;ni 

^ 2s2 

• 

w;w;nl 

^ 2s2 


(D5) 
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Similarly, for the Z boson we have: 


e^(l - 2s^ 

z^z^s^s -: ^ /v^Zv(fi+n- + n+n-) 


4s^ 

^W‘'W 


Feynman Rules : 


z^Zvfi+n- 


Igi 


z^ZvH+n- ^ 


2s^ 

e'(l-25^)2 


2s?, 


w^w 


OcOt . _^ 


Z^ZyS^S 


Feynman Rules : 


g^^Z^Zy [sin(a + 9)^h^ + cos(0 + a)^H^ + sin^ 9©^ + cos^ 0n^ + + Ogj 



— . L 


• 

Z^z^h^ ^ 

2 2 sin(a + e)2 
2Svv‘^vv 

• 

Z^ZvH2 ^ 

cos(a -t 9) 

• 

Z^Zv©2 ^ 


• 

Z^Zvfl^ ^ 

"w‘'W 

• 

7 7 —> 

^ 2s2 c2 

• 

7 7 —> 

e^ 

^ 2s^ 

TA7*-'TA7 


(D6) 
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